INTRODUCTION INTRODUCTION INTRODUCTION INTRODUCTION INTRODUCTION
The lethal milk (lm) mouse allele contains a recessive point mutation that occurred spontaneously in the inbred strain C57BL/ 6J (Green & Sweet, 1973) . The phenotype of homozygous lm/ lm mice is rather complex, its most prominent features occurring in lactating dams: irrespective of their genotype, pups raised on lm milk die before weaning, showing typical signs of systemic zinc deficiency. When suckled on wild type foster mothers, pups develop normally but, if homozygous for the lm mutation, later develop signs of mild zinc deficiency.
Zinc is an essential micronutrient that plays a pivotal role in several biochemical processes, either as catalytic components of enzymes or as structural elements in metalloproteins (Frausto da Silva & Williams, 1991) . Adequate zinc intakes are essential for cellular metabolism; daily needs for this ion are especially high during embryonic and perinatal development. In the adult, zinc is essential for proper functioning of the immune system (Fraker et al., 2000) as well as of the nervous system (Frederickson et al., 2000) and of the airway epithelium (Murgia et al., 2006) . The clinical picture of severe zinc deficiency involves skin lesions, growth retardation and cognitive defects (Van Wouwe, 1989) . Excessive intracellular accumulation of zinc ions also leads to toxicity. It is essential therefore that zinc homeostasis be constantly maintained in cells and tissues. This is achieved at the cellular level through the coordinate regulation of zinc intake, intracellular compartmentalization and efflux. These steps are mediated by specific proteins belonging to two distinct gene families, SLC30 and SLC39, which differ in their tissue-specificity and intracellular localization. The constantly increasing number of characterized Zn transporters has been extensively reviewed elsewhere (Cousins & McMahon, 2000; Palmiter & Huang, 2004; Eide, 2004; Kambe et al., 2004; Murgia et al., 2006) . Members of both families are transmembrane proteins containing an evolutionarily conserved zinc-binding motif, and distinct numbers of transmembrane segments (6 in SLC30 and 8 in SLC39).
Transporters of the SLC30 family (ZnT1-10) are mostly vesicular and responsible for zinc efflux and intracellular sequestration, while proteins belonging to the SLC39 family (ZIP1-14) are involved in zinc uptake and localize mainly to the plasma membrane.
The molecular basis of the lm mutation was mapped in the SLC30A4 gene on mouse chromosome 2, encoding the ZnT4 transporter (Huang & Gitschier, 1997) , confirming earlier studies that pointed to defective transport of zinc into the milk of lactating lm dams (Ackland & Mercer, 1992; Lee et al., 1992) . ZnT4 was isolated with two independent approaches, either as a gene upregulated during intestinal epithelial differentiation (Barilà et al., 1994) or as a gene mapping near the pallid locus (Huang & Gitschier, 1997) . It displays the characteristic features of SLC30 transporters, with six transmembrane segments, a histidine rich cytosolic loop that binds metal ions and cytoplasmic N-and Ctermini (Huang & Gitschier, 1997; Murgia et al., 1999) . The point mutation in the lm allele is a C >T transition resulting in replacement of the arginine residue at position 297 with a translational stop codon (Huang & Gitschier, 1997) . This mutation would be predicted to lead to the synthesis of a truncated protein lacking the sixth transmembrane domain and the entire hydrophilic C-terminus.
Full clarification of the specific role that each of the Zn transporters plays in zinc homeostasis has not yet been achieved, partly because functional assays are not easily available. This is especially true for the ZnT transporters (SLC30), most of which localize in intracellular vesicles (Palmiter et al., 1996a; Palmiter et al., 1996b; Murgia et al., 1999; Kambe et al., 2002; Huang et al., 2002; Michalczyk et al., 2003; Kirschke & Huang, 2003; Chimienti et al., 2004) . Zinc absorption in the gut is mediated by the uptake activities of the ZIP4 and ZIP5 transporters at the apical and the basolateral side of enterocytes, respectively (DufnerBeattie et al., 2004; Wang et al., 2004; Wang et al., 2002) . In contrast, ZnT1 was proposed to mediate zinc efflux to the bloodstream in intestinal epithelial cells (McMahon & Cousins, 1998) , although it is not yet clear whether other ZnT proteins might contribute to Zn secretion in gut cells. Lethal milk mice therefore appear a good model to investigate the molecular mechanisms involved in intestinal zinc homeostasis.
Several ZnT transporters were shown to be expressed in the gut (ZnT1, ZnT2, ZnT4, ZnT5, ZnT6, ZnT7) (Liuzzi et al., 2004) . Since a mutation in ZnT4 is sufficient to cause a defect in Zn secretion in the mammary gland without apparently affecting intestinal zinc absorption, we studied the expression of the mutant protein and of the other intestinal zinc transporters in the ZnT4 mutant background represented by lm mice. We demonstrate that ZnT4 mRNA is almost absent in the intestine of lm mice and that altered expression of ZnT2 and of the metallothioneins is likely to contribute to the zinc deficiency syndrome displayed by surviving lm mice over the age of eight months.
METHODS

METHODS METHODS METHODS METHODS
Animals Animals Animals Animals Animals
Two males and 2 females each of the homozygous lm/lm mice strain C57BL/6J-ZnT4 <lm> and of the isogenic wild type inbred strain C57BL/6J were purchased from The Jackson Laboratory, Bar Harbor, ME. 2 males and 2 females of the CD1 strain, a commonly used albino, outbred mouse strain originating from Switzerland, were purchased from Charles River Italia, Milan, Italy. All animals were housed in individual cages and fed ad libitum with a commercial pellet diet for rodents (4 RF 21, purchased from Mucedola, Settimo Milanese, Italy). Newborn pups from homozygous lm crosses were transferred to wild type dams for foster nursing. When required by the experimental setup, mice were supplemented for 6 months with 800 mg/l ZnCl 2 in the drinking water, acidified to pH 3.0 with HCl to prevent Zn precipitation (Erway & Grider, 1984) .
T T T T Tissue pr
issue pr issue pr issue pr issue preparation and RNA extraction eparation and RNA extraction eparation and RNA extraction eparation and RNA extraction eparation and RNA extraction The portion of small intestine between the pylorus and the ileocecal valve was dissected from mice anesthetized by intraperitoneal injection of 20 mg/100 g body wt of Farmotal (Farmitalia-Carlo Erba, Milan, Italy) and further subdivided into three segments representing duodenum (4 cm from the pylorus), jejunum (5 cm in the middle of the small intestine) and ileum (4 cm from the ileocecal valve). The dissected tissue was quickly rinsed in cold 1X PBS and immediately frozen in liquid nitrogen. Frozen tissues were grinded under liquid nitrogen and RNA was extracted from a pool of tissues dissected from 10 animals with TRIzol reagent (Invitrogen) according to the protocol by the manufacturer.
Gene expression analysis Gene expression analysis Gene expression analysis Gene expression analysis Gene expression analysis
Complementary DNA was prepared from 1 µg of total RNA using M-MLV reverse transcriptase (Invitrogen, San Giuliano Milanese, Italy) and a combination of random hexamers and oligo d(T) as primers, according to the manufacturer's protocol. Sequences of zinc transporter genes were obtained from GenBank, and primers were designed using the web-based software Primer3 (Rozen & Skaletsky, 2000) . Primer sequences are given in The ZnT4/lm cDNA construct used in this study was obtained by amplifying the ZnT4 cDNA fragment between the ATG codon and the premature stop codon present in lethal milk mice (codon 297), using the following primers: TTCCGGATCCATGGCCGGCCCCGGCGCGTGGAAG (sense) TATTGCGGCCGCTCGTATGATGTATGCAGCTATAAT (antisense).
Restriction sites (underlined) were included in the primer sequences for subsequent cloning into the previously described vector pcDNA3-myc (Murgia et al., 1999) . To obtain a ZnT4-GFP fusion protein the entire open reading frame of ZnT4 was excised from pcDNA3-ZnT4-myc and ligated in-frame with GFP into the vector pEGFP-N1 (Clontech, Mountain View, CA). The ZnT2 coding region was PCR amplified from rat intestinal cDNA with the following primers:
CTCGAATTCCCTCGTCTGCTATGTCCC (antisense). The resulting fragment was cloned in frame with red fluorescent protein into the pDsRed1-N1 vector (Clontech, Mountain View, CA). MDCK cells were stably transfected with ZnT4 cDNA as described in (Ranaldi et al., 2002) . For subcellular localization, cells were seeded on glass coverslips in 24-well tissue culture plates and transfected as previously described (Murgia et al., 1999) . 24h after transfection, cells were fixed with 2% paraformaldehyde in 1X PBS for 30 min at RT and treated by conventional immunofluorescence techniques. Primary antibodies used include monoclonal anti-myc clone 9E10 (Sigma) and polyclonal antiZnT4 (Ranaldi et al., 2002) . Secondary antibodies conjugated to FITC or tetramethylrhodamine isothiocyanate (TRITC) were affinity purified and species specific (Jackson ImmunoResearch Laboratories, West Grove, PA). Total protein extracts and western blotting were performed as previously described (Ranaldi et al., 2002) .
RESUL RESUL RESUL RESUL RESULT T T T TS S S S S
lm mice growth and phenotype lm mice growth and phenotype lm mice growth and phenotype lm mice growth and phenotype lm mice growth and phenotype Colonies of lm mice and of the wild type isogenic strain C57BL/ 6J were raised in our laboratory from two breeding pairs for each strain, purchased from The Jackson Laboratory (Bar Harbor, ME). Growth of the resulting offspring was monitored at regular intervals during lactation. As shown in Figure 1A , when the offspring of lm/lm x lm/lm crosses and that of isogenic wild type crosses were fed solely upon the milk of their natural mothers, growth was slower for the lm pups, which died by the tenth day of life displaying typical signs of zinc deficiency (Fig. 1B) . However, it is interesting to note that the lm pups nursed by foster mothers of genetically unrelated background (the outbred strain CD1) grew much faster than pups of the isogenic wild type C57BL/6J strain nursed by their own mothers. The only difference between lm milk and that of the isogenic wild type was reported to reside in lower zinc content (Piletz & Ganschow, 1978) , therefore such different growth rates are probably due to other nutrient components in CD1 milk. As expected, the surviving lm mice developed signs of mild zinc deficiency by the age of 8-10 months, including alopecia (Fig. 1C) and premature infertility. Since nursing on lm milk during the first 3 days of neonatal life seems to be crucial for the severity of the syndrome (Erway & Grider, 1984) , newborn mice of the CD1 strain were fed for 4 days on their mother's milk, then half of the litter was given to a homozygous lm dam for two weeks. As shown in Figure 1D , although the CD1 pups fed on lm milk displayed hair loss as clear symptom of zinc deficiency, they survived until weaning. This experiment underlines the crucial role of zinc in the first few days of neonatal life. (Palmiter & Huang, 2004) , although their expression profile in the different tissues overlaps only partially. Both proteins are present in intestinal epithelial cells and localize to a vesicular compartment (Palmiter et al., 1996a; Palmiter et al., 1996b; Murgia et al., 1999) , therefore we wanted to investigate whether they might co-localize in the same vesicles and possibly exert overlapping functions. The ZnT2 ORF was cloned by RT-PCR from mouse intestinal RNA and fused in-frame at the C-terminus with the red fluorescent protein from the sea anemone Discosoma, as described in the Methods. Figure 2A shows the typical vesicular localization of ZnT4 in stably transfected epithelial MDCK cells, revealed by indirect immunofluorescence with an anti-myc primary antibody (Ranaldi et al., 2002) . The ZnT2-DsRed fusion protein, transiently transfected in these cells, displayed a similar vesicular pattern revealed by red epifluorescence (Fig. 2B ), but no co-localization of the two transporters was detected by merging the two images (Fig. 2C) . We then focused on the intracellular localization of the mutant ZnT4-lm protein in epithelial cells by transfecting a construct containing the ZnT4 ORF truncated at codon 297 and followed by a myc-tag at the carboxyl-terminus (ZnT4/lm-myc). Figure 2H shows that the truncated ZnT4/lm protein is efficiently expressed from this Comparative expression of ZnT2 and ZnT4 mRNAs in the small intestine of lethal milk mice the small intestine of lethal milk mice the small intestine of lethal milk mice the small intestine of lethal milk mice the small intestine of lethal milk mice Expression of the ZnT4 and ZnT2 mRNAs was compared in the small intestine of adult (12-18 months old) lm mice and of their isogenic wild type controls by northern hybridization. Total RNA was extracted from the duodenum, jejunum and ileum of 10 mice for each genotype, blotted and hybridized to radioactively labelled cDNA probes. The results in figure 3A show that ZnT2 is expressed at similar levels along the three segments of small intestine in both mutant and wild type mice, while the ZnT4 transcript is absent in all the samples of lm mouse intestine. Lack of ZnT4 expression was observed also in other lm mouse tissues (skin, kidney, brain; data not shown). As this result was quite unexpected, we sought confirmation by designing a real-time Q-PCR experiment, including also RNA samples extracted from the jejunum of mice supplemented with zinc in their drinking water. This treatment was previously reported to ameliorate the symptoms of zinc deficiency in aging lm mice (Grider & Erway, 1986) and regulates the expression of several zinc transporters, including ZnT2 and ZnT4 (Liuzzi et al., 2004) . As further control we included RNA extracted from the jejunum of the genetically unrelated wild type CD1 mice of the same age. The results in figure 3B show very low levels of ZnT4 mRNA in the jejunum of lm mice when compared to both isogenic controls and CD1 mice (8-9 folds decrease). Such low levels are compatible with the results of the northern hybridization in panel A, as realtime Q-PCR is a much more sensitive technique. Zn supplementation did not affect ZnT4 mRNA levels in either strain of mice. In the case of ZnT2, on the contrary, Zn supplementation led to increased mRNA levels in both strains.
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In vivo expression analysis of other zinc transporter and metallothionein mRNAs metallothionein mRNAs metallothionein mRNAs metallothionein mRNAs metallothionein mRNAs
To elucidate the molecular mechanisms by which enterocytes absorb and distribute Zn in the absence of ZnT4, the expression of several intestinal zinc transporters belonging to both the SLC30 and the SLC39 gene families was also investigated by real-time Q-PCR in the jejunum of unsupplemented and Znsupplemented mice. As shown in Figure 4 , the ZnT transcripts examined do not show any relevant quantitative difference in expression in mouse jejunum when comparing either the lm versus the wild type controls, or zinc supplemented versus unsupplemented animals ( Fig 4A) . As for the ZIP transcripts, they were expressed at very different levels in mice gut, ZIP1 and ZIP2 being barely detectable. However, we observed relevant differences in the expression of ZIP4, which is the main Zn uptake transporter in the intestinal epithelium. Mutations in the ZIP4 coding region were found to be responsible for the genetic zinc deficiency syndrome Acrodermatitis enteropathica (AE) (Kury et al., 2002; Wang et al., 2002) and ZIP4 expression was shown to be up-regulated by zinc deficiency (Dufner-Beattie et al., 2003; Liuzzi et al., 2004) . Figure 4B shows that ZIP4 mRNA levels are 6 folds lower in the jejunum of lm mutants than in control mice. Zn supplementation led to 2 fold decreased expression of ZIP4 in wild type mice, but did not cause any further decrease of the already low ZIP4 mRNA levels in lm mutant mice jejunum. The absence of Zndependent regulation of ZIP4 mRNA in lm mice could reflect higher intracellular concentrations of zinc ions, so we examined metallothionein expression in the different mice groups. Metallothionein (MT) is the main intracellular scavenger of zinc ions and transcription of the two major isoforms, MT1 and MT2, is strongly induced by zinc and other stimuli (Davis & Cousins, 2000; Coyle et al., 2002) . The results of real time Q-PCR analysis of the expression of the MT I and MT II genes in the jejunum of lm mutant mice is shown in Figure 5 . In the absence of Zn supplementation, both MT mRNAs were more abundantly expressed in lm than in wild type jejunum, 3 and 6 folds respectively (Fig 5A and  table) . Following Zn supplementation, however, induction of MT gene transcription led to comparable transcript levels in both strains (Fig 5B and which die within the first two weeks of neonatal life unless they are foster nursed by wild type dams. The fact that normal milk Zn content is sufficient to ensure survival indicates that the defect in lm mutant mice resides in Zn secretion by mammary epithelial cells into the milk, rather than in intestinal absorption. Identification of a premature stop codon in the ZnT4 gene as the molecular basis of the lm mutation (Huang & Gitschier, 1997) suggested therefore that this protein might be responsible for Zn secretion in epithelial cells of the mammary gland. ZnT4 is ubiquitously expressed in mammalian tissues and displays vesicular localization in tissue culture cells of various origins (Murgia et al., 1999; Michalczyk et al., 2002) . In support for the involvement of ZnT4 in secretion, ZnT4 vesicles appear to move from the trans-Golgi region to the cell periphery upon Zn addition (Huang et al., 2002 and our unpublished observations), suggesting a mechanism similar to that mediated by the Menkes copper transporter (Petris et al., 1996; Pascale et al., 2003) . Further evidence that a fraction of ZnT4 traffics to the plasma membrane comes from surface biotinylation studies in cultured fibroblasts (Henshall et al., 2003) . In our experiments, we observed plasma membrane localization of ZnT4 only when this transporter was overexpressed in fully differentiated, polarized epithelial cells by transfection. Although we cannot distinguish between integral membrane insertion and sub-membrane localization of ZnT4 in these cells, the circular staining points at basolateral rather than apical localization. It was therefore possible that expression of the truncated form of ZnT4 predicted by the lm mutation, lacking the last transmembrane segment and the hydrophilic carboxylterminus, might lead to decreased zinc secretion to bloodstream through the inability to bind proteins responsible for proper vesicular trafficking. However, we show in this paper by Northern hybridization and real time quantitative PCR that the mutant ZnT4 mRNA carrying a premature termination codon is barely detectable in the intestine of lm mice, even following Zn supplementation that was shown to induce ZnT4 expression (Liuzzi et al., 2004) . Since the lm mutation lies within the open reading frame, a possible explanation is that the ZnT4/lm mRNA is efficiently degraded by the NMD (Nonsense-Mediated mRNA Decay) pathway, the quality control mechanism that prevents cells from synthesizing truncated and potentially harmful proteins by acting on mRNAs that contain open reading frames after translational stop codons (reviewed in: Conti & Izaurralde, 2005) . In support of this hypothesis, when we forced expression of a mutant ZnT4/lm protein from a construct in which the open reading frame downstream of the stop codon at position 297 is deleted, the mutant protein fully co-localizes with full length ZnT4.
Although, as previously mentioned, the lactating phenotype is the most prominent feature of the lm syndrome, surviving lm mice develop signs of mild Zn deficiency in adulthood, thus implying a key role for ZnT4-mediated zinc secretion also in other tissues. To further investigate this, we chose to compare by real time-PCR the expression of other zinc transporters, as well as of the metallothioneins, in the small intestine of lm and wild type table). These data further indicate that the absence of zinc secretory activity of ZnT4 in the intestinal enterocytes of lm mice leads to higher intracellular zinc content.
Zinc deficiency in humans can be caused by severe malnutrition or by gastrointestinal and infectious diseases decreasing intestinal absorption. Two genetic diseases characterized by severe zinc deficiency in newborns have been described in mammals: Acrodermatitis enteropathica (AE) and lethal milk (lm). AE is an inherited form of zinc deficiency, is a human rare, autosomal recessive syndrome characterized by systemic zinc deficiency that leads to skin lesions, alopecia, diarrhea, neuropsychological disturbance and reduced immune function. In the absence of Zn supplementation AE leads to death of the patients (reviewed in: Ackland and Michalczyk, 2006) . The gene responsible for this syndrome was mapped to chromosome 8 (Wang et al., 2001 ) and identified as ZIP4, a transporter responsible for intestinal Zn uptake (Kury et al., 2002; Wang et al., 2002) . The newly identified gene was shown to harbor a range of mutations in patients with the disorder (Kury et al., 2003) and was induced by Zn deficiency (Dufner-Beattie et al., 2003; Liuzzi et al., 2004) . Unlike in AE, the most prominent phenotype of the lethal milk mouse syndrome is a decrease in the milk Zn content that dramatically affects survival of the pups, Finally, in Zn supplemented lm mice (Fig. 6D) , the expression profiles of ZnT2, Zip4 and of the metallothionein genes is very similar to that observed in the intestine of supplemented wild type mice (Fig. 6B) . isogenic mice in the presence or in the absence of Zn supplementation. As a further control, we included RNA extracted from the jejunum of wild type CD1 mice, a commonly used outbred strain of mice representative of a different genetic background. Our results indicate that in the intestinal cells of lm mice expression of the ZnT2 and ZIP4 genes is not regulated by zinc, while expression of both metallothioneins 1 and 2 is higher than in the wild type in the absence of zinc supplementation. ZnT2 is a transporter implicated in vesicular sequestration of excess intracellular zinc (Palmiter et al., 1996a) . According to its proposed role, ZnT2 expression is downregulated by zinc deficiency in mouse small intestine (Liuzzi et al., 2004) . The Zip4 gene, which is defective in AE, is responsible for intestinal Zn uptake and is normally upregulated in Zn deficiency (DufnerBeattie et al., 2003; Liuzzi et al., 2004) was almost threefold lower in the jejunum of unsupplemented lm mice and was not further downregulated by Zn supplementation. Overall, our results on zinc transporter expression in the intestinal cells of adult lm mice point to a Zn secretion defect leading to higher intracellular Zn content, which in turn triggers increased expression of the metallothionein genes. Such higher levels of metallothionein transcripts in unsupplemented lm mice confirm previous reports on increased levels of the corresponding proteins (Grider & Erway, 1986) . However, induction of MT1 and MT2 expression by zinc supplementation is not impaired in lm mice, as both genes reach the same levels of expression as those observed in the jejunum of isogenic wild type. Figure 6 presents the model that we envisage for Zn metabolism in lm mice, showing the relevant transporters, which are significant in our experiments. Zinc uptake from the intestinal lumen, under normal conditions in wild type enterocytes, is mediated by Zip4 (Fig. 6A) . Intracellular zinc is then distributed to ZnT2 and ZnT4 vesicles. Following Zn supplementation the intracellular zinc content is higher, resulting in induction of the metallothioneins, ZnT2 levels are higher and Zip4 activity is downregulated (Fig. 6B) . Intracellular zinc homeostasis is maintained by vesicular sequestration (ZnT2) and by ZnT4 mediated Zn secretion to bloodstream, possibly through vesicular fusion with the plasma membrane. In the enterocytes of mutant lm mice, in contrast, ZnT4 secretion activity is abolished, leading to increased intracellular zinc (Fig. 6C) . As a consequence, Zip4 expression is decreased and the metallothionein mRNA levels are increased. However, other zinc efflux activities, among which ZnT1, must be operating in lm enterocytes to keep the intracellular zinc concentration below a threshold level that leads to full induction of MT1, MT2 and ZnT2. Higher intracellular zinc concentration have been shown to induce ZnT1 transcription by the Zn-dependent transcription factor MTF1 (Lichtlen & Schaffner, 2001; Langmade et al., 2000) which also regulates transcription of the metallothionein genes. Zinc concentration in the milk of lm mutant dams is decreased by 34% with respect to wild type (Piletz & Ganschow, 1978; Ackland & Mercer, 1992; Lee et al., 1992) , therefore zinc secretion is mediated by other transporters, other than ZnT4, also in mammary epithelial cells.
